Abstract Array comparative genomic hybridization (aCGH) is a powerful tool for detecting DNA copy number alterations (CNA). Because diffuse malignant gliomas are often sampled by small biopsies, formalin-fixed paraffinembedded (FFPE) blocks are often the only tissue available for genetic analysis; FFPE tissues are also needed to study the intratumoral heterogeneity that characterizes these neoplasms. In this paper, we present a combination of evaluations and technical advances that provide strong support for the ready use of oligonucleotide aCGH on FFPE diffuse gliomas. We first compared aCGH using bacterial artificial chromosome (BAC) arrays in 45 paired frozen and FFPE gliomas, and demonstrate a high concordance rate between FFPE and frozen DNA in an individual clone-level analysis of sensitivity and specificity, assuring that under certain array conditions, frozen and FFPE DNA can perform nearly identically. However, because oligonucleotide arrays offer advantages to BAC arrays in genomic coverage and practical availability, we next developed a method of labeling DNA from FFPE tissue that allows efficient hybridization to oligonucleotide arrays. To demonstrate utility in FFPE tissues, we applied this approach to biphasic anaplastic oligoastrocytomas and demonstrate CNA differences between DNA obtained from the two components. Therefore, BAC and oligonucleotide aCGH can be sensitive and specific tools for detecting CNAs in FFPE DNA, and novel labeling techniques enable the routine use of oligonucleotide arrays for FFPE DNA. In combination, these advances should facilitate genome-wide analysis of rare, small and/or histologically heterogeneous gliomas from FFPE tissues.
Introduction
Malignant gliomas are the most common primary brain tumors in adults. These tumors are classified as astrocytomas, oligodendrogliomas and oligoastrocytomas and are graded into WHO grade II, WHO grade III and WHO grade IV, with the common glioblastoma (GBM) corresponding to grade IV [17] . Molecular genetic analyses of malignant gliomas have already identified subgroups that correlate with clinical parameters [5, 17, 34, 42] . High throughput large scale studies based on DNA copy number analysis, expression, methylation profiling and signal transduction pathways have also recognized molecular subclasses within GBM [1, 2, 20, 29, 41] . When fully defined, genetic alterations associated with these subclasses will likely allow stratification of treatment groups [16, 21, 22] .
DNA microarray-based comparative genomic hybridization (array CGH, aCGH) is a powerful tool to identify DNA copy number alterations (CNAs) across the genome [35, 36] . Bacterial artificial chromosome (BAC) aCGH has been extensively used for studying various types of hematological malignancies and solid tumors, including gliomas [3, 4, 6, 11, 12, 18, 23, 28, 38] . Most of these studies were performed using DNA from fresh frozen tissues although a few reports have used formalin-fixed, paraffin-embedded (FFPE) DNA [9, 10, 24, 31-33, 39, 40] . Notably, however, none of these papers has done a stringent analysis at a clone-by-clone level regarding sensitivity and specificity in a large series of paired frozen-FFPE samples.
Establishing the feasibility of using large series of FFPE samples is important for the study of malignant diffuse gliomas for a number of reasons. One, many malignant gliomas are biopsied stereotactically or as small samples, and the only tumor material typically available after routine pathological analysis of such cases is FFPE tissue. Two, the ability to use FFPE tumors allows retrospective analysis of large numbers of clinically annotated samples and of rare types of gliomas. Three, given the ability to examine histological details best in FFPE sections, elucidating the genetic features underlying the intratumoral heterogeneity in gliomas should be most readily achieved in FFPE material. In this study, we therefore designed and constructed a pan-genomic custom BAC array for glioma analysis and did a detailed, clone-by-clone analysis of aCGH results from paired fresh frozen and FFPE oligodendrogliomas and GBMs.
We next evaluated oligonucleotide arrays for DNA copy number analysis because, although BAC array is a sensitive platform for detecting DNA copy number changes, it is time-consuming, labor-intensive and expensive, and it is beyond the reach of most individual laboratories to generate custom BAC arrays. With BAC arrays, it is also difficult to reach the levels of resolution and sensitivity that can be achieved with oligonucleotide platforms [43] , and oligonucleotide arrays are readily available commercially. Therefore, a robust and reproducible method for labeling FFPE DNA for oligonucleotide aCGH would be of great practical consequence. To this end, we report a labeling protocol that was adapted for use with FFPE DNA and oligonucleotide arrays for aCGH, and we applied this approach to a small series of FFPE oligoastrocytic tumors to demonstrate its effectiveness.
Materials and methods

Cell lines and tumor samples
GBM lines A172 and U87 were purchased from ATCC. GBM lines SF126, SF188, and SF268 were obtained from the UCSF Brain Tumor Research Center tissue bank. Cells were plated in two 10 cm plates and cultured in Dulbecco' modified Eagle medium supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. Cells were grown until they were approximately 80% confluent. Cells from one plate were used for DNA extraction and the cells from the second plate were used to make slides for validation of aCGH data by FISH [26] .
Paired fresh frozen tumor tissue and corresponding FFPE blocks for 24 oligodendrogliomas and 21 GBMs, and FFPE blocks for 9 biphasic anaplastic oligoastrocytomas (AOA) were procured from the Massachusetts General Hospital brain tumor tissue repository after appropriate human studies approval. The biphasic AOAs were selected based on the presence of juxtaposed but distinct areas of oligodendroglial and astrocytic components in the same tumor. Tumor samples were less than 5 years in age. For the frozen-and FFPE-paired samples, small pieces of frozen tissues were processed and H&E stained to confirm the presence of 70% or higher tumor cells [10] . All H&E slides made from frozen tissue and FFPE blocks were reviewed by a neuropathologist and areas of tumor cells were demarcated and microdissected for DNA extraction. Cut slides and unused portions of the blocks were refrigerated prior to DNA extraction.
BAC array construction
A pan-genomic BAC array was constructed containing 4,277 targets, with coverage of the human genome at an average resolution of 700 kb. The clones were selected from RP11, CTB, CTC, and CTD library for BAC clones and RP1, RP4 and RP5 libraries for PAC clones. Clones were selected from the National Center for Biotechnology Information Cancer Genome Anatomy Project and the University of California Santa Cruz genome build 16. BAC and PAC clones were purchased from Invitrogen Corp., Carlsbad, CA, USA. The specificity of each clone was established by STS-and/or EST-linked PCR and the chromosomal locations were confirmed by FISH. Supplementary Fig. 1 shows the detailed map and description of the BAC array. Total human genomic DNA was used as a positive control; lambda DNA and printing buffer alone were used as negative controls. BAC clone selection, DNA extraction, mapping, target generation and printing were performed as described previously [24] . All clones were printed in quadruplicate in spatially distinct sub-arrays.
DNA labeling and hybridization for aCGH
Genomic DNA was isolated from 5 GBM cell lines, 45 paired fresh frozen and FFPE oligodendroglioma and GBM samples, 9 FFPE paired astrocytic and oligodendroglial samples, and normal whole blood from 4 anonymous donors using a routine protocol. Cell line DNA and fresh frozen tumor DNA were labeled following a published protocol [8] . FFPE DNA labeling and aCGH for the BAC array was performed as follows. Briefly, 3 lg each of cell lines, frozen tumors and normal reference DNAs were digested with Dpn II for 3 h at 37°C and purified with QIAquick PCR purification columns. Purified tumor and normal DNA, 1 lg each, were labeled with Cy3-dCTP and Cy5-dCTP, respectively, using the Bioprime labeling kit (Invitrogen) following the manufacturer's instructions. For the FFPE DNA samples, a two-step labeling technique using amino-allyl-dUTP was used as previously described [24] . Unincorporated nucleotides were removed using Sephadex G-50 columns. Labeled tumor and reference samples were precipitated along with 50 lg of human Cot-1 DNA and resuspended in 250 ll of 50% formamide, 10% dextran sulfate, 29 standard saline citrate, 2% sodium dodecyl sulfate, and 100 lg of yeast tRNA. Prior to hybridization the probe mixtures were denatured for 5 min at 85°C and incubated at 37°C for 30 min. The samples were applied onto the BAC arrays under a gasket slide and hybridized in the Agilent SureHyb microarray hybridization chamber and the hybridization was carried out for 42 h at 37°C. The arrays were then disassembled and washed for 15 min with 50% formamide, 29 standard saline citrate, pH 7.0, 0.1% sodium dodecyl sulfate at 50°C, and once in 0.1 mol/L sodium phosphate buffer, 0.1% Nonidet P-40, pH 8.0, for 10 min at room temperature. Lastly, the slides were rinsed in distilled water and spun down at 1,000 rpm for 2 min to dry.
For oligonucleotide aCGH, a modified nick translation protocol was used for labeling nine biphasic AOA FFPE DNA samples from microdissected tissues. After DNA extraction, the integrity of the DNA was tested by running 2 ll on an agarose gel and by performing a standard PCR using two different primer sets with products ranging from 100 to 400 bp [40] . The PCR along with the gel image helped gauge the size range of DNA fragments in each sample. Samples that produced robust PCR products had higher labeling efficiency. Briefly, for a 50 ll reaction, 500 ng -1 lg of FFPE DNA, 5 ll of dNTP mixture in reaction buffer (0.2 mM dATP, dGTP, dTTP; 500 mM Tris/HCl, pH 7.8; 50 mM MgCl 2 ; 100 lM dithiothreitol; 100 lg/ml bovine serum albumin), 1 ll of Cy3-dCTP or Cy5-dCTP (1 ng/ll), 5 ll of 0.4 mU/ll DNase 1, 5 ll of 10 U/ll Escherichia coli DNA polymerase 1 (Invitrogen) were combined and the volume was adjusted to 50 with distilled water. The reaction mixture was incubated for 10-12 h at 15°C. Enzymes were inactivated by heating reaction at 85°C for 10 min. Fragment size was checked by running 3 ll of the labeled DNA by agarose gel electrophoresis. The size of the smear ranged from 100 to 400 bp. Equal amount of tumor and reference DNA were labeled and purified using PCR purification columns. Probes were precipitated and hybridized to Agilent 105K oligonucleotide arrays following a published protocol [8] .
After hybridization and washing, array slides were scanned in Axon 4000B microarray scanner using GenePix Pro 4.0 software. Microarray images were analyzed and data points were generated using the GenePix Pro 4.0 software. Data were normalized by lowess (locally weighted least square regression) normalization method using Acuity 2.0 software (Axon Instruments, Inc., Union City, CA, USA). Out of 4,277 targets, 361 (8.4%) were flagged and excluded from analysis. The tiling path clones for 1q32 region were also excluded from this analysis leaving a total number of 3,663 targets for analysis. The average normalized log2 ratio of medians of signal intensities of tumor to reference was used for statistical analysis.
For oligonucleotide arrays, data points were generated using the Feature Extraction software (version 9.1, Agilent Technologies) with linear normalization (protocol-v4_91). Data were subsequently imported into CGH Analytics software (version 3.4.40, Agilent Technologies) for visualization.
FISH analysis for aCGH data validation
To validate the CNAs detected by aCGH along 1p, 19q, 8, 11q and 12q, two-color FISH was performed on cell lines following previously reported protocol [25] . For 1p36.3, PAC clone RP5-1092A11 mapping to the deleted region was labeled in Cy3-dUTP and the control clone RP11-181G12 mapping outside of the deletion was labeled in FITC-dUTP; for 19q13.3, BAC clone CTD-2571L23 was labeled in Cy3-dUTP and RP11-210G11 was labeled in FITC-dUTP; for 8q24.12, CTD-3056O22 was labeled in FITC-dUTP and RP11-11P7 mapping to 8p23.2 was labeled in Cy3-dUTP; for 11q23.3, RP11-770J1 was labeled in Cy3-dUTP and RP11-58K22 mapping to 11p11.2 was labeled in FITC-dUTP; and finally, for 12q24, CTD-2287P13 was labeled in Cy3-dUTP and RP11-87C12 mapping to 12q24.3 was labeled in FITC-dUTP.
Array CGH data analysis DNA copy number alteration was identified through dynamic thresholding of segmented aCGH data. Circular binary segmentation (CBS) was used to segment each hybridization into regions of common mean [30] . For each hybridization, a scaled median absolute deviation (MAD) across all segments was then obtained. Markers assigned to segments with mean value greater than a scaled MAD were identified as gain. Likewise, markers corresponding to segments with mean value less than a scaled MAD were identified as loss. Selection of the scaling factor 1.95 for gains and losses was based on criteria outlined elsewhere [13] .
To formally assess agreement between FFPE and frozen samples, sensitivity and specificity metrics were utilized. The CNAs measured from the frozen samples were considered to be the gold standard; sensitivity and specificity of the CNAs from the FFPE samples were measured relative to this standard. For each marker, FFPE sensitivity and specificity were separately obtained for three CNA event types: gain, loss, and no alteration. For example, sensitivity for gain at a given marker was estimated as the proportion of gains observed among the FFPE pairs of frozen samples that exhibited gain at that marker. Specificity for gain at a given marker was estimated as the proportion of non-gains observed among the FFPE pairs of frozen samples that did not exhibit gain at that marker.
Results
Measurement of BAC array detection sensitivity using normal lymphocyte and GBM cell line DNA The sensitivity and the performance of targets on the BAC array were tested by hybridizing normal male and female lymphocyte DNAs (pool of 2 each) in a gender mismatched manner. All targets produced expected log2 ratio close to 0 along the autosomes and a decrease or increase of X and Y chromosome copy numbers (Fig. 1a) . Normal versus normal hybridizations were used to detect clones that contained common copy number variations [44] and were eliminated from the analysis of tumor genomes.
To measure the detection sensitivity of the array, we used DNA from five GBM cell lines that were previously analyzed by conventional CGH [25] . Figure 1b shows the genomic profiles of the cell lines. We detected all large genomic CNAs reported earlier for these lines. Array CGH detected many additional CNAs including high level amplifications and homozygous deletions that were not previously identified in these lines. A comparative account of the CNAs detected by conventional CGH and aCGH for these five cell lines is listed in Table 1 .
Five loci (two deletions along 1p and 19q and three amplifications along 8q, 11q and 12q) were selected for validation by FISH. Figure 2 displays the comparative analysis of aCGH and FISH results for these five loci.
There was a perfect agreement between aCGH and FISH for all five loci.
BAC aCGH of paired frozen and FFPE gliomas
Chromosomal gains and losses detected by aCGH in each of the 45 frozen-and FFPE-paired samples are illustrated in Tables 2 and 3 ; and the frequency of CNAs are shown in Fig. 3 . As expected, loss of 1p and 19q were the most frequent CNAs in oligodendrogliomas. Of the 24 samples, 14/24 (58%) had combined loss of 1p/19q, 2/24 (8%) had combined partial loss of 1p/19q, and 5/24 (21%) had loss of 19q only. Other frequent CNAs include loss of 9q34.3 (33%), 4q32.3 (29%), 8q24.3 (29%), 9p21.3 (25%), 14q24.2 (21%), 10q23.2-q23.31 (17%); and gain of 8q24 (29%), 11q23-q25 (29%), 7q (25%). In GBM, combined loss of chromosome 10 and gain of chromosome 7 was observed in 17/21 (81%) tumors. Loss of 9p21.3 with or without homozygous deletion of CDKN2A and CDKN2B genes were observed in 15/21 (71%) tumors. Other deleted regions observed in [25% of samples include 22q, 13q, 6q and 4q. More than 50% of GBM also showed gain of entire chromosome 19. Amplified genes in this panel of GBMs include EGFR, PIK3C2B, GAB1, FGFR4, GLI, CDK4, and MDM2 (Table 3) .
Complete concordance between frozen and FFPE samples in terms of loss, gain and no change was observed in 30/45 (67%) samples. In 10 cases, FFPE DNA failed to detect 1-3 CNAs compared to frozen DNA samples. In five cases, FFPE DNA detected 1-2 CNAs that were not present in the corresponding frozen DNA samples. The examples of aCGH profiles of an oligodendroglioma that show complete concordance and one with disagreement between frozen and FFPE DNA are shown in Fig. 4a, b , respectively.
Assessment of sensitivity and specificity of FFPE relative to the gold standard of frozen samples is displayed in Fig. 4c . For each marker, the two top panels show the sensitivity and specificity relative to gain in the frozen sample, the two middle panels show the sensitivity and specificity relative to loss in the frozen sample, and the bottom panels show the sensitivity and specificity relative to no alteration in the frozen sample. For gain, 79 (2.2%) markers were below 95% sensitivity and 71 (1.9%) markers were below 95% specificity. For loss, 317 (8.7%) markers were below 95% sensitivity and 264 (7.2%) markers were below 95% specificity. For no change, 397 (10.8%) markers were below 95% sensitivity and 377 (10.3%) markers were below 95% specificity. In each of the plots, sensitivity and specificity based on fewer than five gold-standard (i.e., frozen) events are denoted in red. Overall, these results indicate excellent sensitivity and specificity using FFPE tissues.
Modified labeling procedure and oligonucleotide aCGH profiles of FFPE DNA Figure 5a demonstrates an H&E-stained section of biphasic AOA-2 showing parts of the tumor with distinct oligodendroglial and astrocytic differentiation. Figure 5b illustrates aCGH profiles of paired astrocytic and oligodendrocytic components from nine AOA FFPE DNA samples labeled by the modified method and hybridized to Agilent 105K oligonucleotide arrays. Table 4 lists the summary of CNAs detected in the oligodendroglial (O) and astrocytic (A) components, respectively. In all cases, gender was mismatched between the tumor and reference DNA. The modified labeling procedure produced uniform hybridization signals resulting in distinct CNAs with high signal-to-noise ratios. Note that the regions of the genome with normal copy number (i.e., along the baseline) appear smoother due to a significant reduction in the noise. Of the nine AOAs, four had identical profiles in the astrocytic and oligodendroglial components (AOA-1, AOA-2, AOA-3 and AOA-6). The other five AOAs had differences between the astrocytic and oligodendroglial components along several regions in the genome (Fig. 5b, red arrows) . AOA-4 had gain of chromosome 7 in both components; gain of 8q21.13-q24.3 in the oligodendroglial component only; and gains of 10p, 10q11.22-q22.2, 19, and losses of 10q23.31-q26.3, 11p in the astrocytic component only. AOA-5 had gain of chromosomes 5, 7 including amplification of Fig. 1 Measurement of detection sensitivity of the BAC array. a aCGH of normal male and female lymphocyte DNA. aCGH was performed using normal male and female lymphocyte DNA from four healthy donors that were used as reference for all tumors. The upper panel shows the profiles of male DNA labeled in Cy3-dCTP and female DNA labeled in Cy5-dCTP and lower panel shows the profiles of female DNA labeled in Cy3-dCTP and male DNA labeled in Cy5-dCTP, by random priming. Normalized log2 ratio of medians along the autosomes were close to 0, indicating normal DNA copy number, and along the X chromosome were -0.5, and 1.5 indicating apparent loss or gain (from gender mismatch). b aCGH profiles of DNA from GBM cell lines A172, SF126, SF188, SF268 and U87 used to measure the detection sensitivity/limits of the array. These cell lines were previously analyzed using conventional CGH [25] .
Comparison of aCGH data with the conventional CGH data shows that all previously reported CNAs were identified (including known genes, labeled arrows) but with a higher degree of precision (Table 1) . Several CNAs that were previously not reported were also detected (unlabeled arrows) EGFR, 8, and 12; homozygous deletion of 9p21.3 including the CDKN2A and CDKN2B genes, losses of 10, 12q13.1, 14 and 22 in both components, whereas loss of chromosomes 6, 13 and 15 were confined only to the oligodendroglial component. In AOA-7, the oligodendroglial component showed losses of 2p25, 2q36.3-q37.3, 9p, 10q25.2-q26.3, and 18q; and gains of 7, and 11q; the astrocytic component showed gains of 1q21.1-q25.1, 7 including amplification of MET, 12p13.32-p13.33, 12q24.21-q24.33, 18p11.32, 19q12-q13.2, and losses of 1q25.2-q44, 3p12.3-p22.1, 3p25.3-p26.3, 9p including homozygous deletion of the CDKN2A and CDKN2B genes, 18p11.31-p11.31, and 19q13.31-q13. 43 . In AOA-8, both components showed loss of 9p and gain of 10p; the oligodendroglial component showed loss of 13q12-q31.3 and gains of 13q32.1-q34, 19 only; and the astrocytic component showed loss of 10q23.1-q26.3 only. Finally, in AOA-9, both components showed loss of 5p, 21 and gain of 8q; whereas the oligodendroglial component showed losses of 6p22.1-p25.3 and 6q22.31-q27 only.
Discussion
In this study, we designed and constructed a custom BAC array with emphasis on regions frequently altered in diffuse gliomas. First, we analyzed five GBM cell lines that are routinely used for in vitro studies and compared aCGH results to that of results identified by conventional metaphase CGH (Table 1 ) [25] . We precisely identified all CNAs that were previously reported in these cell lines, but our results further showed that homozygous deletions were more frequent than previously reported [15] . CDKN2A and CDKN2B were most frequently homozygously deleted, with the region deleted in 4/5 cell lines. In addition, we identified homozygous deletions of RB1 in SF126 and CDKN2C in U87 (Fig. 1b) . Interstitial deletions along 1p and 19q were observed in A172 and U87 (Fig. 1b) . Gain involving chromosome 7 was present in all five cell lines. In addition to the known amplification of CMYC in SF188, we identified amplification of several previously unknown oncogenes such as MLL1 in SF126, SF188 and SF268; CDK4 in SF188; and amplification of MET and WNT2 in SF268. Finally, structural rearrangements involving chromosomes 1, 11, 13 and 19 were most commonly observed. Thus, this custom BAC array offers a Fig. 2 Validation of aCGH by FISH. a To assess the detection limits of the array, FISH was performed using locus specific probes at five loci. aCGH detected a 3 Mb interstitial deletion along 1p36 in U87 and loss of entire 1p in SF188. FISH was performed on the respective cells using RP5-1092A11, which maps with in the 3-Mb deleted region was labeled in Cy3-dUTP and RP11-181G12, which maps upstream of the deletion was labeled in FITC-dUTP. In U87, one red and two green spots were detected, confirming the interstitial deletion, whereas in SF188 equal numbers of red and green spots were observed because all of 1p is deleted. b aCGH showed a 1.4 Mb deletion in U87 and 7.2 Mb deletion (includes two adjacent interstitial deletions) in A172 on 19q13.3. FISH was performed using CTD-2571L23, which maps with in the 1.4-Mb deleted region, labeled in Cy3-dUTP and RP11-210G11, which maps upstream of the smaller deletion but with in the 7.2-Mb deleted region, labeled in FITCdUTP. In U87, one red and two green spots were detected, confirming the interstitial deletion, whereas in A172 an equal number of red and green spots were detected, confirming that the 7.2-Mb deletion is occurring in a polysomic chromosome 19 background. c aCGH detected the known amplification of CMYC at 8q24.12 in SF188. This was confirmed by FISH using CMYC-specific BAC clone CTD-3056O22, labeled in FITC-dUTP and RP11-11P7, labeled in Cy3-dUTP, mapping to 8p23.2 as control. d aCGH illustrates a previously unreported amplification on 12q14 in SF188. This was confirmed by FISH using BAC clone CTD-2287P13 labeled in Cy3-dUTP and RP11-87C2 labeled in FITC-dUTP. Further analysis using endsequences from CTD-2287P13 indicated CDK4, MARCH9 and METTL1 genes to be contained with in the BAC. e aCGH highlights a highly rearranged chromosome 11 in SF126, and multiple amplifications in SF188 and SF268. SF268 has been reported to have two adjacent amplifications on 11q [25] . Our results indicate that there are at least five high level amplifications in SF268 along 11q22-q24.1.
Comparison of chromosome 11 profiles in these 3 cell lines defined a common region of amplification along 11q23.3 containing the MLL1 gene. This was confirmed by FISH using a MLL1-specific BAC clone RP11-770J1, labeled in Cy3-dUTP and RP11-58K22 on 11p11.2 labeled in FITC-dUTP as control -14q32, -15q12-q14, -15q25.3-q26, -16p12.3-p13.2, -16p13.3, -16q23.1-q24.3,  -17p13.1-p13.3, -17q12-q21.32, -17q24.3-q25, -19p, -19q, -20p13, -21q22.3 , -22q11.2-q13.31 potentially important discovery tool for the study of malignant diffuse gliomas. We next performed aCGH with this BAC array using DNA isolated from pairs of fresh frozen and FFPE gliomas. We found a high degree of concordance between genomic alterations detected in FFPE DNA compared to frozen DNA samples. Only 377 (10.3%) clones had sensitivity below 95% and 397 (10.8%) clones had specificity below 95% for gains, losses and no change regions combined. Of these clones, the lower sensitivity and specificity may merely be due to low frozen (i.e., gold standard) event counts; 30% of clones with sensitivity below 95 and 37% of clones with specificity below 95% corresponded to regions with fewer than five frozen events. Aside from sample size issues, there are several additional potential explanations for lower sensitivity and specificity among these clones. First, the great majority of these clones mapped to the pericentromeric regions of chromosomes 14 and 15 and telomeric regions of many chromosomes. Since these regions are repetitive in nature, the signal-to-noise ratio could be low due to incomplete repeat suppression during hybridization. The other clones with low sensitivity and specificity mapped at random through out the genome. A possible explanation for certain clones showing a high degree of variability could be high repeat content, regardless of the type of tumor DNA (frozen or FFPE) hybridized. Nonetheless, importantly, the high degree of concordance demonstrates that FFPE DNA can be reliably used for the study of malignant diffuse glioma copy number variation when such BAC arrays are available. For example, in addition to finding previously known CNAs in both oligodendrogliomas [12, 37] and GBMs [20] , we identified some novel amplified and deleted loci. We then introduced a labeling protocol modified for generating probes from FFPE DNA and hybridization to enable use of high resolution oligonucleotide arrays. Since BAC clones have large inserts (ranging from 150 to 200 kb), the BAC array provides very high specificity. However, the sensitivity and resolution is compromised. The oligonucleotide arrays on the other hand provide very high resolution, but due to smaller probe size (60 bp) specificity can be compromised. During the isothermal labeling process, which allows synthesis of new DNA sequences, there is a bias towards representation of euchromatic versus heterochromatic DNA. In other words, depending on the repeat content of the sequence, the new DNA sequences are differentially synthesized while the DNA is being labeled. As a result of this bias in DNA synthesis, the heterochromatic regions of the genome are more prevalent compared to the euchromatic regions causing non-uniform representation of the probe sequences. Since there is 35-fold increase in the resolution of the oligonucleotide array used for this study (21 kb for Agilent 105K array) compared to our BAC array (700 kb), the differential representation in the probe mixture produces a ''wiggly'' pattern. We overcame this phenomenon by labeling FFPE DNA using a method that does not allow synthesis of new strands of DNA while maintaining true representation of the tumor DNA and produces high quality uniform hybridization signal with accurate identification of CNAs. Using the modified labeling technique, we were thus able to show significant improvement in the signal-tonoise ratio, thereby reducing the number of possible false positives.
To demonstrate the investigative utility of this method, we examined the genomic profiles of nine biphasic AOA samples, using DNA from microdissected tumor cells to determine if the oligodendroglial and astrocytic components within a given biphasic tumor displayed different genomic profiles. Notably, four of nine biphasic AOAs showed identical profiles for both components but the other five samples had differences between the two components. Astrocytic components had many more CNAs compared to the oligodendroglial components. In two out of five cases, gain of chromosome 7 was present in both but amplification of EGFR and MET genes were confined to the astrocytic components. In one of the five cases, gain of 8q21.13-q24.3 was present only in the oligodendroglial component. These findings suggest that different components of an oligoastrocytoma may be derived from different clones during neoplastic progression. Different findings with regard to oligoastrocytoma clonality and cell of origin have been reported; some reports suggest a monoclonal origin [7, 14] , whereas others raise the possibility of different progenitor cell populations [19, 27] . Our results do not address the issue of cell of origin, but demonstrate that the histologically distinct regions within oligoastrocytomas may be associated with distinct genotypic changes. It remains to be shown, however, whether such alterations drive, or are a necessary consequence of, the distinct differentiation patterns.
In summary, the approaches evaluated in this paper enable the combination of accessibility to archival FFPE tissues with the sensitivity of oligonucleotide arrays. As such, these technical advances should facilitate large scale pan-genomic studies of small, rare and/or histologically heterogenous malignant diffuse gliomas that are most optimally studied in FFPE material, as well as pan-genomic analyses of large numbers of clinically annotated archival cases.
